'  A0-A113  BM 

UNCLASSIFIED 

I 


I 


DEUMME  UNIT  KIMX  COI.L  Of  MARINE  STUDIES  f/S  S/1 

IDEMTIfICSTIOta  Of  MOLECULE*  SINOINt  SITES  fOM  CALCIUM  IN  TW  ON— ETCCUl 
MM  St  N  S  CAMIKEK  N0001*-T»-D-00»S 

CMS-Ol-S*  >  ML 


MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BUREAU  OF  STANDARDS- 1 %3- A 


DTIC  FTTr  COPY  AD  AHy551 


Identification  of  Molecular  Binding  Sr 
for  Calcium  in  the  Organic  Matrix 
of  Molluscan  Shell 


MELBOURNE  R.  CARRIKER 


CMS-01-82 


MARCH  1982 


b 


APR1  9Bffi 


College  of  Marine  Studies  •  University  of  Delaware 


This  document  has  been  approved  r.  _  _ 

for  public  release  and  sale;  its  8  *2  0  3  T  D 

di  !  S  iion  is  unlimited.  '  V  °  *  vf 


047 


IDENTIFICATION  OF  MOLECULAR  BINDING  SITES  FOR  CALCIUM 
IN  THE  ORGANIC  MATRIX  OF  MOLLUSCAN  SHELL 


by 

Melbourne  R.  Carriker 


A  contract  report  prepared  for 


Office  of  Mayal  Research 
Contract  N0g)4-78-C-0045 


CMS-02-82 
MARCH  1982 


College  of  Marine  Studies 
University  of  Delaware 
Newark,  Delaware  19711 


INTRODUCTION 


The  original  Impetus  for  this  Investigation  came  from  observations 
that  the  Insoluble  matrix  of  calcified  tissues  from  both  vertebrates 
(Gllmcher  et  al.  1965,  Clincher  and  Krane  1968,  Davis  and  Walker  1972) 
and  Invertebrates,  (Watabe  &  Wilber  1960),  could,  when  Isolated  from 
their  parent  tissues,  Influence  the  rate  and  form  of  mineralization  from 
Inorganic  solutions.  Accordingly,  we  began  our  research  by  working 
exclusively  with  the  Insoluble  portions  of  the  organic  matrix  from 
various  mollusc  shells.  We  knew  from  earlier  work  that  these  matrices 
were  largely  proteinaceous  (Degens,  Spencer  and  Parker  1967)  and  that 
they  were  ubiquitous  In  the  shells  of  marine  molluscs. 

We  constructed  a  testable  hypothesis  from  the  following  seemingly 
verified  Information:  1)  The  Insoluble  matrix  from  mollusc  shells  can  be 
characterized  by  the  part  of  the  shell  from  which  It  was  removed  (Gordon 
and  Carrlker  1978);  2)  when  placed  In  a  solution  containing  calcium  and 
bicarbonate  Ions,  matrix  removed  from  acalcitic  area  would,  more  often 
than  not,  cause  the  growth  of  calcltlc  crystals  from  the  solution,  wh<le 
"aragonltlc  matrix"  favored  the  growth  of  aragonite  (Watabe  and  Wilbur 
1960);  3)  when  Inserted  beneath  the  mantle  of  a  living  bivalve, 
aragonltlc  matrix  would  cause  growth  of  aragonite  In  either  part  of  the 
animal's  shell  (Watabe  and  Wilbur  •  4)  In  the  earliest  stages  of 
shell  deposition,  organic  matrix  ccui-  observed  to  precede  mineraliza¬ 
tion  (Bevelander  and  Nakahara  1969);  5)  the  ability  of  vertebrate  organic 
matrix  (bone  collagen)  to  catalyze  mineralization  was  strongly  inhibited 
when  carboxyl  groups  In  the  protein  matrix  were  modified  (Davis  and 
Walker  1972). 
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The  hypothesfs  can  be  simply  stated:  mineralization  In  molluscs  Is 
Initiated  when  charged  groups  along  the  protein  backbone  of  shell  matrix 
attract  calcium,  and  perhaps  carbonate.  Ions  from  solution.  The  test  was 
also  simply  devised:  Modification  or  destruction  of  the  responsible 
charged  groups  should  cause  a  significant  reduction  In  the  removal  of 
calcium  Ions  from  solution  In  the  presence  of  the  modified  matrix. 

Our  Initial  experimental  plan,  therefore,  was  to  1)  Isolate  Insolu¬ 
ble  organic  matrix  from  the  shells  of  various  marine  molluscs,  2)  quan¬ 
tify  their  ability  to  remove  calclin  Ions  from  Inorganic  solutions  of 
calcium  and  bicarbonate,  similar  In  concentration  to  that  found  In 
molluscan  extrapalllal  fluid,  (Crenshaw  1972a),  3)  selectively  modify,  by 
chemical  means.  Individual  charged  moieties  on  the  protein  backbone  of 
the  matrix,  and  4)  measure  the  ability  of  the  modified  matrix  to  alter 
calcium  concentration  In  solution  as  per  step  2).  If,  as  we  expected, 
one  or  more  such  modifications  Inhibited  the  rate  of  removal  of  calcium 
from  solution,  one  could  Infer  that  at  some  stage  In  the  mineralization 
process  the  binding  of  calcium  to  the  charged  group  of  Interest  occurred. 
METHOOS  .  I 

Living  specimens  of  two  bivalves,  Mercenarla  mercenarla  and 
Crassostrea  vlrglnlca,  and  two  gastropods,  Susvcon  canal iculatl urn  and 
Crepldula  fomlcata,  were  collected  In  Delaware  Say  In  the  vicinity  of 
Lewes,  Delaware,  Septmeber  to  November  1977.  Animals  were  killed  by 
placing  them  directly  Into  a  freezer  at  -15°C.  After  excision  of  soft 
tissues,  shells  were  scrubbed  with  a  wire  brush  to  remove  adherent 
muscle,  mantle  and  perlostracum.  Pieces  approximately  2  cm  on  a  side 
were  cut  from  each  shell  with  a  rotary  diamond  saw,  and  these  pieces  were 
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placed  In  dialysis  bags  which  were  subsequently  suspended  In  solutions 
containing  150  g  of  sodium  ethylenedlamlnetetraacetlc  acid  (EDTA),  with 
.001  N  sodium  azide  Included  to  Inhibit  bacterial  degradation.  pH  of 
decalcifying  solutions  was  maintained  roughly  between  6.0  and  8.0  by 
additions,  first  of  sodium  hydroxide  solution,  and  later,  as  the  pH  began 
to  rise  with  dissolution  of  shell,  of  hydrochloric  acid.  When  no  calcium 
carbonate  could  be  observed  within  dialysis  bags,  the  pieces  were  removed 
and  examined  for  crystalline  material  under  12X  magnification.  If  no 
crystals  could  be  microscopically  detected,  the  matrix  pieces  were 
returned  to  decalclflcatlon  solution  for  a  subsequent  7  days.  Depending 
upon  the  size  of  Individual  pieces  of  shell,  the  entire  process  of  decal- 
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clflcatlon  required  from  6  to  8  weeks  for  completion. 

At  this  point  dialysis  bags  were  removed  from  EDTA  solution  and 
placed  In  deionized  water.  3  changes  of  deionized  water,  at  24  hr  Inter¬ 
vals,  quantitatively  removed  EDTA  from  matrix  pieces.  Some  of  these 
pieces  were  dehydrated  In  dloxane  (Thompson  1966),  Imbedded  In  paraffin 
and  sectioned  to  a  thickness  of  about  8  micrometers  with  a  conventional 
rotary  microtome. 

Other  pieces  of  decalcified  matrix  were  Incubated  In  solution  made 
by  dissolving  calcium  chloride  and  sodium  bicarbonate  In  deionized  water. 
Concentration  of  the  Incubation  medium  was  adjusted  so  that  calcium  con¬ 
centration  was  either  equal  to  or  double  that  found  In  molluscan  extrapa- 
lllal  fluid  (Crenshaw  1972a),  and  the  Ion  product  of  (Ca2+)  (CO^") 

was  at  least  double  In  vivo  conditions.  For  example,  a  typical  Incuba- 

2+ 

tlon  solution  was  made  with  a  final  concentration  of  9.6  mM  Ca  and 
5.0  mM  HC03~.  After  the  pH  was  adjusted  to  7.64  with  Trls-HCI 


buffer,  the  final  Ion  product  was  2.19  x  10"6.  Matrix  pieces  weighing 
100  mg  +  20*  (wet  wt)  were  Incubated  for  up  to  21  days  In  50  ml  flasks, 
tightly  stoppered  to  exclude  air.  0.5  ml  aliquots  were  withdrawn  at 
Intervals,  and  calclua  concentration  measured  by  titration  with  ESTA 
(Tsunogal  et  al.  1968). 

Paraffin-embedded  thin  sections  were  dewaxed  and  brought  to  water 
via  xylone  and  ethanol,  then  Incubated  for  1  hr  at  37°C  In  0.1  M 
CaC03  solution  maintained  at  pH  7.8  with  Veronal  buffer.  Adjacent 
control  sections  were  Incubated  only  In  veronal  buffer.  Morin  stain,  a 
calcium-  specific  fluorescent  dye  (Pearse  1961)  was  used  to  detect 
calclua  uptake  by  thin  sections  of  matrix.  Experimental  slides  were 
compared  with  controls  under  fluorescence  microscopy. 

RESULTS  -  I 

Decalcified  organic  shell  matrix  did  not  take  up  calcium  from 
calclua  carbonate  solution  or  promote  the  crystallization  of  calclua 
carbonate,  after  21  dpys  Incubation.  In  one  experiment  In  which  the  ion 
product  of  calclua  and  carbonate  exceeded  saturation,  some  precipitation 
occurred  and  after  30  days  calcium  concentration  dropped  from  9.1  mM  to 
5.4  mM.  However,  during  the  same  period  the  calcium  concentration  In  a 
control  flask  (containing  no  organic  matrix)  decreased  from  9.1  aM  to 
4.3  mM. 

No  significant  fluorescence  could  be  attributed  to  thin  matrix 
sections  which  were  Incubated  with  calcium  carbonate  solutions. 
INTRODUCTION  -  II 

At  this  point,  near  the  end  of  the  first  year's  work,  we  had  come  to 
a  fairly  Important  conclusion:  that  In  spite  of  the  evidence  published 
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by  Wilbur  and  Watabe  (1961,  Watabe  and  Wilbur  1960),  there  seemed  to  be 
no  calcium-mediating  function  In  the  insoluble  matrix  from  mollusc 
shells.  There  were  a  few  scattered  reports  In  the  literature,  however, 
supplying  empirical  (Crenshaw  1972b,  Krampltz  et  al,  1976)  and  theore¬ 
tical  (Degens  1976,  Weiner  and  Hood  1975)  justification  for  the  belief 
that  soluble  protein  of  mollusc  shells  Is  Influential  In  calcium  deposi¬ 
tion.  There  was  same  controversy,  though,  one  Investigator  claiming  that 
calcium  ions  are  bound  by  sulfate  radicals  in  the  polysaccharide  portion 
of  the  matrix  (Crenshaw  1972B),  while  a  second  group  (Weiner  and  Hood 
1975)  proposed  that  Idle  molecular  spacing  and  sequence  of  dlcarboxyllc 
acids  formed  the  basis  for  a  functional  calcium-binding  potential. 

We  therefore  decided  to  continue  the  Investigation,  concentrating  on 
the  soluble  proteinaceous  material  of  the  matrix,  but  applying  the  same 
tests  (with  minor  modifications)  we  had  devised  for  Insoluble  material. 
METHODS  -  II. 

Shells  from  the  four  molluscs  mentioned  earlier  plus  two  other 
species  Urosalplnx  clnerea  (gastropod)  and  My til us  edulls  (bivalve),  were 
decalcified  In  EDTA  solutions  prepared  as  before.  Shells  were  pulverized 
In  a  mortar  to  Increase  reaction  rate  with  EDTA,  and  dialysis  bags  were 
not  used.  Decalclflcatlon  was  allowed  to  continue  until  no  mineral  was 
evident  In  suspension,  typically  after  one  week.  Solid  materials,  l.e. 
Insoluble  matrix  fragaents,  were  removed  by  filtration  through  paper 
followed  by  mllllpore  filters.  EDTA  and  calcium  salts  were  removed  by 
ultra-filtration  with  Amlcon  PM-10  pressure  dialysis  membranes; 
supernatant  materials  were  washed  on  the  membrane  with  50  volumes  of  0.05 
Tris  buffer,  pH  •  7.8  (with  sodium  azide  added),  after  being  concentrated 
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to  about  50  ml.  Final  separation  of  matrix  proteins  from  Impurities  was 
carried  out  on  Sephadex  6-25  gel  filtration  columns.  Typically,  3  ml 
aliquots  of  partially  purified  matrix  solution  was  loaded  onto  the  column 
and  eluted  at  50  -  75  ml /hr  with  0.05  N  Trls  buffer,  pH  *  7.8.  2  ml 
fractions  were  automatically  collected  and  protein  concentration  In  each 
fraction  was  monitored  during  elution  by  ultraviolet  absorbance 
measurement  at  280  nm. 

Fractions  containing  detectable  protein  were  assayed  for  calcium 
binding  ability  with  a  radiotracer  method.  A  fraction  was  Incubated  for 
30  min.  at  room  temperature  with  a  0.1  M  CAClg  solution  containing 
approximately  0.5  microcuries  of  *5Ca.  The  solution  was  then  chromato¬ 
graphed  as  before  on  Sephadex  6-25.  0.5  ml  of  each  eluted  fraction  was 
dissolved  In  aqueous  counting  solvent  and  measured  for  radioactivity  with 
a  Beckman  LS-100  liquid  scintillation  counter.  The  remainder  of  each 
fraction  was  assayed  for  total  protein  by  the  Coomassie  Brilliant  Blue 
method  (Bradford  1976). 

Aliquots  of  fractions  eluting  In  the  same  volume  as  those  deter¬ 
mined,  In  these  preliminary  experiments,  to  have  calcium-binding  ability 
were  subjected  to  chemical  modification  procedures  designed  to  attack 
Individual  amino  acid  (or  other)  residues  In  the  soluble  matrix. 

1)  Conversion  of  dlcarboxyllc  acids  and  other  carboxyl  groups  to  amides 
(Hoare  and  Koshland  1967).  By  Incubating  with  a  solution  of 
1 -ethyl -3-dlmethylamlnopropylcarbodllmlde,  carboxyl  groups  are 
converted  to  acyl Isourea  derivatives. 

He  subsequently  reacted  the  derivatives  with  1  M  MH^Cl  to  form 
amides,  reversing  or  neutralizing  the  charge  present  at  the  original 
acidic  site. 
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2)  Destruction  of  both  carbonyl  and  ester  sulfate  groups  by  methylatlon 
(Thompson  1966).  A  fraction  containing  calcium-binding  matrix  was 
evaporated  under  vacuum  to  a  small  volume,  then  redlssolved  In  1  ml 
H20.  Protein  was  precipitated  with  2.5  volumes  of  ethanol,  the 
precipitate  was  washed  with  methanol  and  Incubated  for  72  hr  at 

4°C  with  methanol  containing  0.11  concentrated  HC1.  Precipitates 
were  then  allowed  to  air  dry  after  an  ethanol  wash,  and  dissolved  In 
2  ml  of  distilled  H20. 

3)  Dlnitrophenylatlon  of  proteins  with  DUFB.  Soluble  matrix  solution 
was  concentrated  to  1  ml  containing  1.5  mg  protein  of  a  PH-10 
membrane,  and  added  to  0.5  g  NaHCO^  dissolved  In  5  ml  water.  DNFB 
In  ethanol  was  added,  and  the  mixture  stirred  for  2  hrs  at  room 
temperature,  centrifuged,  decanted  and  precipitated  with  ethanol. 
Solids  were  dissolved  In  water  and  reconcentrated  on  the 
ultraflltratlon  membrane. 

4)  Modification  of  guanldlno  groups  with  cyclohexanedlone  (Means  and 
Feeney  1971).  3  ml  of  soluble  matrix  solution  was  combined  with  5 
mg  of  1,2-cyclohexanedlone  In  2  ml  water.  pH  of  the  mixture  was 
adjusted  to  11.0  with  trlethylamlne  and  the  contents  were  stirred  In 
darkness  for  24  hrs.  Reagents  were  washed  out  with  150  ml  of  0.05  N 
Trls  buffer  on  a  PM-10  membrane. 

5)  Modification  of  phenolic  groups  with  tetranltromethane  (Glazer  et 
al.  1975).  2  -  3  ml  of  sample  were  adjusted  to  pH  »  8.0  with  0.2 
N  Trls  buffer,  and  1  ml  of  tetranltromethane  stock  (0.835  M  In  951 
ethanol)  was  added.  The  mixture  was  stirred  for  1  hr,  then  washed 
with  300  ml  pf  0.05  N  Trls  buffer  on  a  PM-10  ultraflltratlon 
mmabrane. 
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6)  Acetylation  of  amino  groups  (61azer  et  al.  1975).  2  ml  of  sample 
were  mixed  with  2  ml  of  saturated  sodium  acetate  solution.  2° 
mlcrol Iters  of  acetic  anhydride  were  added,  and  the  mixture  stirred 
for  1  hr  over  an  Ice  bath.  pH  was  monitored  and  maintained  at  7.8. 
Reactant  mixtures  were  washed  as  before  with  0.05  N  Trfs  buffer. 

Each  modified  sample  was  subsequently  Incubated  with  radioactive 
calcium  chloride  solution;  an  untreated  control  aliquot  was  Incubated  at 
the  same  time  under  identical  conditions. 

RESULTS  -  II 

The  results  of  the  preceding  experiments  can  be  sunmarized  simply: 
none  of  the  modification  procedures  was  used  had  a  substantial  effect  on 
the  calcium  binding  capacity  of  the  matrix  samples  tested.  Calcium 
binding  varied  between  about  1.0  and  3.0  x  IQ'9  mols  calcium  per 
microgram  of  protein,  as  assayed  by  the'Coomassle  Blue  method.  Inter¬ 
specific  differences  In  calcium  binding  capacity  cannot  be  evaluated 
because  molecular  weight  determinations  have  not  been  performed  on  the 
various  matrix  proteins  that  were  tested.  It  should  also  be  noted  that 
procedures  used  eliminated  those  compounds  present  In  the  matrix  of  the 
shells  that  were  dlalyzable  by  Amlcon  Pm-10  membranes. 

The  major  finding  of  this  part  of  the  work  Is  typified  by  Figures  1 
and  2.  In  Figure  1,  calcium  binding  Is  seen  in  an  untreated  aliquot  of 
matrix  from  the  shell  of  Hercenarfa  mercenarla.  at  the  top  of  the  figure. 
A  peak  of  radioactivity  resides  beneath  the  peak  of  ultraviolet  absor¬ 
bance  In  the  void  volume  of  the  Sephadex  column.  The  lower  half  of  the 
figure  shows  absorbance  and  radioactive  traces  for  an  aliquot  of  the  same 
.  Serial  ,ch  has  been  modified  by  treatment  with  acidified  methanol. 
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Figure  1.  Calcium  binding  In  the  soluble  matrix  from  the  shell  of  the 
b 1 val ve  Hercenarla  mercenarla.  a)  U1 travl ol et  absorbance  (solid 
line)  plotted  on  the  sane  axes  as  radioactivity  per  fraction  (dashed 
Tine),  In  fractions  of  untreated  soluble  matrix.  Fractions  eluted 
from  a  Sephadex  G-25  coliaan  with  0.05  N  Trls  buffer,  b)  Ultraviolet 
absorbance  and  radioactivity  In  fractions  of  soluble  matrix 
methylated  with  acidified  methanol. 
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In  this  case,  destruction  of  sulfate  groups  has  not  diminished  calcium 
binding. 

Figure  2  Illustrates  a  similar  sequence  for  the  shell  matrix  of  the 
whelk  Busycon  canal Iculatum.  In  this  case  the  treatment  Involved  modifi¬ 
cation  of  dicarboxyl  1c  amino  acids  by  reaction  with  ammonium  chloride 
after  actlvlatlon  of  the  protein  with  the  carbodllmide  EDC  (procedure  1. 
described  In  methods  section).  Reversing  the  charges  present  on  glutamic 
and  aspartic  acid  residues  did  not  reduce  the  calclun  binding  ability  of 
the  protein. 

Similar  results  were  obtained  for  all  other  chemical  modification 
procedures  tested  In  this  program. 

METHODS  -  III 

To  Investigate  the  origin  of  calcium-binding  proteins  In  the  matrix 
of  the  shell,  we  used  a  radioactive  assay  on  living  animals,  modifying  a 
procedure  first  published  by  Veitch  (1974). 

Live  quahogs,  Mercenarta  mercenarla,  approximately  7  cm  In  length, 
were  taken  from  sand  flats  at  low  tide  in  Lewes  harbor,  Delaware.  An 
area  central  to  one  valve  was  scrubbed  and  washed  with  methanol.  A 
threaded  plexiglas  fitting  was  cemented  in  place  over  the  cleaned  area 
with  fast-setting  epoxy.  In  the  center  of  the  fitting  a  2  mn  hole  was 
drilled  through  the  shell  Into  the  extrapalllal  space  with  a  diamond  core 
drill.  After  flushing  with  water  to  remove  drilling  chips,  the  fitting 
was  closed  off  by  screwing  a  plexiglas  cap,  containing  the  0-rlng  seal. 

In  place  (Figure  3).  Drilled  animals  were  kept  In  a  25  gallon  aquarium 
and  fed  regularly  with  the  diatom  Thalassloslra  pseudonanna. 
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Figure  2.  Cal clun  binding  In  the  soluble  matrix  from  the  shell  of  the 
gastropod  Busycon  canal Iculatun:  a)  Ultraviolet  absorbance  (solid 
line)  plotted  on  the  sane  axes  as  radioactivity  per  fraction  (dashed 
line).  In  fractions  of  untreated  soluble  matrix.  Fractions  eluted 
from  a  Sephadex  6-25  column  with  0.05  N  Trls  buffer,  b)  Ultraviolet 
absorbance  and  radioactivity  In  fractions  of  soluble  matrix  treated 
with  carbodllnlde  and  ammonloum  chloride  to  neutralize  dlcarbozyllc 
acids. 
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Figure  3.  Exclusion  chromatography  of  extrapalllal  fluid  extracted  from 
Mercenarla  mercenarla  which  was  Incubated  with  radioactive  Ca-45. 
Absorbance  a  280  m  plotted  against  number  of  eluted  fractions,  3.5 
ml  per  fraction,  solid  line.  Radioactivity  In  counts  per  minute 
from  liquid  scintillation  counter  plotted  against  fraction  number, 
dotted  line.  Sephadex  6-25  gel,  eluted  with  0.05  N  Trls  buffer, 
pH  •  8.0. 


Amino  Acid 


Residues  per  1000 
99 


Table  1 


ASP 

THR 

SER 

GLU 

PRO 

GLY 

ALA 

ILU 

LEU 

HIS 

LYS 


47 

59 

44 

13 

73 

101 

34 

75 

417 

37 


Ami  no  acid  analysis  of  calcium-binding  fraction  of  Mercenarla 
mercenarla  extrapall lal  fluid  (eluted  from  sephadex  G-25  column 
with  0.05  N  Trls  buffer,  pH  ■  8.0). 
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Experimental  animals  were  removed  to  Individual  8  liter  aquaria 
where  they  were  allowed  to  pump  and  feed  for  24  hours  In  sea  water  to 
which  50  microcuries  of  radioactive  calcium  chloride  had  been  added.  At 
the  end  of  the  experimental  period  the  clams  were  removed  from  the  water 
and  washed  thoroughly  with  tap  water  followed  by  distilled  water.  The 
0-rlng  cap  was  then  removed,  and  a  sample  of  extrapall lal  fluid  was 
removed  with  a  syringe.  After  centrifugation  to  remove  particulates,  the 
extrapalllal  fluid  samples  were  dissolved  in  an  equal  volume  of  0.050 
Trls  buffer  and  applied  to  a  col uan  of  Sephadex  G-25.  The  fractions  were 
monitored  as  before  for  (JV  absorption  and  radioactivity. 

Fractions  showing  highest  radioactivity  were  submitted  for  amino 
acid  analysis. 

RESULTS  -  III 

Figure  3  shows  that  all  of  the  bound  radioactivity  In  the  sample  of 
extrapalllal  fluid  Is  found  In  the  Included  volume.  The  position  of  the 
radioactive  peak  Indicates  that  the  molecular  weight  of  the  calcium-bind¬ 
ing  molecule  Is  close  to  2500  dal  tons.  No  radioactivity  appears  In  the 
void  volume. 

Amino  acid  analysis  showed  that  the  compound  was  a  protein 
containing  a  suprlslngly  high  histidine  concentration  (Table  1).  Alanine 
and  aspartic  acid  were  next  highest  In  content,  but  not  remarkably  higher 
than  the  remaining  amino  acids. 

CONCLUSIONS 

— ^  we  have  found  calcium-binding  activity,  on  the  order  of  1  to  3  x  10'9 

r.  .v-  ' 

mol s  calcium  per  microgram  of  matrix  protein.  In  soluble  matrix  extracted 
from  the  shells  of  a  variety  of  marine  mollusks.  Modification 


n 


or  destruction  of  a  number  of  chemical  groups,  previously  postulated  to 
be  active  calcium-binding  sites,  failed  to  destroy  or  diminish  the  uptake 
of  calcium  In  soluble  proteins  above  10,000  daltons  molecular  weight. 
Previously  It  had  been  suggested  that  mineralization  In  mollusks  was 
Initiated  by  binding  of  one  or  more  calcium  Ions  to  dl carboxyl  1c  acids 
(Weiner  and  Hood  1975)  or  to  ester  sulfate  groups  (Crenshaw  1972).  These 
hypotheses  are  weakened  by  the  evidence  found  In  this  study* 

Wilbur  and  Watabe  (1963,  Watabe  and  Wilbur  1960)  found  that  the 
presence  of  Insoluble  matrix,  both  In  vitro  and  In  vivo.  Influenced  the 
growth  patterns  of  shell  In  bivalves.  From  this  It  might  be  Inferred 
that  the  Insoluble  portion  of  shell  matrix  Is  responsible  either  for 
modifying  the  kinetics  of  calcium  carbonate  growth  from  solution  or  for 
Initiation  of  crystal  growth  by  binding  of  calcium.  We  found  no  evidence 
for  either  phenomenon. 

We  have  developed  a  technique  for  simply  and  repeatable  carrying  out 
In  vivo  assays  of  bivalve  extrapalllal  fluid  under  a  variety  of  experi¬ 
mental  conditions.  Using  this  technique  we  showed  that  calcium  In  sea 
water  Is  taken  up  by  the  clam  Mercenarla  mercenarla  and  bound  to  a  low 
molecular  weight  proteinaceous  compound  In  the  extrapalllal  fluid.  The 
calcium-binding  protein  Is  very  rich  In  histidine,  and  Its  molecular 

weight  Is  probably  considerably  lower  than  reported  by  Crenshaw  (1972). 
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